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This status report is concerned wi th  a resemch progmn sponsored b j j  
the Bationzl Aeronzutics and Space Mministration with technical. 
liaison handled by Lewis hboratmy in Cleveland. The or ig ine l  
ob3ectis.e of t k  research propam was t o  investigzte the bubble 
nrccbnics znd heat transfer tspects of Uquids boiling under sub- 
cooled condition6 w h i l e  subjected t o  a negligible gravity environment. 
A t  the suggestion of the NASA Technical Manitor, a. Otto, the primary 
enphaais of the program is currently being placed on obwining radius- 
time re lat ions under naravzl gravity conditions. The effects of the  
negligible gravity e n v i r o m n t  w i l l  be investigzted c i t  a Lter date 
when the narnvtl gravity s i t m t i o n  is well defined. 



Ihe work on this project since the last report (Bonder ,  1963) has 
consisted p r i m r l l y  of performing the necessary m d i f i c a t i o w  t o  the 
boi le r  snb supporting instrumentation needed t o  supply the best 
possible laboratory data. Wny of these modifications arc of such 
a nature that they will be of no m e  io later zero-gravity studios 
but do Improve the quality of the laboratory experinaents considerably. 
During the latter weekpl of th i s  =porting period, a eignlficant 
nrPPber of experimental date runs have been made and aaalyteU. 
work will be described i n  the  following ptumgrapha. 

Thie 

Equipment Modifications 

There have been no modifications matie t o  the heating elemsnt o r  
h e a t i x  Jig since the l a a t  report. 
the bubbles were tcuchiag the mirror a t  l o w  subcoolings and high heat 
fluxes. Therefore, the gold mirror was mved back approximately 
1/16 inch from the heating surface t o  a l lw  a better view of the 
he&iw ~.;-f~ce %6 Lase =f 

HOW€?Ve.r, there m a  evibnce that 

‘t;.&ble* 

The bciler was mcdified t o  allow a larger f ie ld  of view of the heating 
surface. 
which allowed e 2-inch extension of the boiler. The quality of photo- 
gmphic data obtained was sipif icant ly  improved by this  step. After 
a number of data runs t o  properly focus the le- with the camera, the 
boiler was sealed and equipped with a condenser system t o  prevent loss 

This was accoxplished by Wing a new lens holder and l i d  

G f  Water during test runs. 

Since t he  p r i z u y  cbjective of t he  research prograrn nar- i s  t o  obtain 
p o d  laboratory data, the lighting Spten for the c a ~ r a  was modified. 
Eklier desligns had t o  be incorporated i r t o  the drop package and placed 
severe powar ana space res t r ic t ions  on the lighting system which tiwe 
n c t  a prerequisite i n  tie laboratory. A system of conrmercial f l o o d  
h p s  ana “sunguns* are being Used a t  the  preeent with sat isfactory 
results. 

The bulk temperature meaeuremnt is being accomplished w i t h  a set of 
30 gauge iron-constantan thermocouple probes placed a t  4 and 4* inches 
above the heating eurface. 
dual channel potentiometer employing an i c e  bath reference Junction. 

These probes are being monitored with a 

Experimental %st Buns 

At the  time of t h i s  report a t o t a l  of 27 tes t  rune of the system have 
been completed. 
and seven were a t  a heat flux of 5O,OOO BRT/HR F#. Only nine test  runs 
a t  the 80,OOO heat flux produced photographic aSta of a usuable nature 
clue t o  the  extremely sensit ive nature of the lens Byatem t o  lighting and 

these, twenty were at a heat flux of 80,000 BTU/HR-+ 
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focuelng. 
and =e progressively be t te r  6ue t o  i,aprwed ft,cuain3 and l f & t i r q  techniques. 

cf the runs mde a t  50,000 BTu/IIR FI? are cf usable qual i ty  

These test runs cover a range of bulk teraperatures frm 2M°F t o  160~~. 
Tie test runs mde near saturation teaperatwe do nct prvduce usable 
photographlc b t a .  As the bubbles leave the surface at low degrees of 
subcooling they tend t o  cc l lec t  on the lens which i s  pGslt:cned uirect ly  
above the heating surface. Hovever, as tlie SubcoGling increases, t h i s  
is no longer a problen and the condensin;: bubbles do not co l lec t  c;n the lens. 

A rmximm fra.ning rate of 7800 f rms per secord i s  belng achieved. 
ever, bubbles suitable f o r  analysis are n c t  always obtained during the 
short  period Gf ti* I n  which the m & r a  is a t  mi- framing raLe. 
r o l l  of film prGduce& f r c m  zero t o  fi;w bubbles sui table  for analysis, 
ciepmdina upon adjacer,t bubbles which c f t a  ln te r fe re  w i t h  the g o w t h  
,=%tern of each Lther. 

E a r -  

h c h  

hta Analysis 

Iijyestlgatioii of tiie i j i i o t o p q h l c  recol.& ii:d;cai;e t imi  JG;ieiie we leas% 
three types of  bubbles or bubble patterns present durinz t ne  boiling pro- 
cess; (1) Oacillatlng Bubbles - t h i s  ty l je cf bubble i s  Generally smll 
and i t s  point c.f rac1ea-ilc.n i s  a v e r j  act ive site. Tne bubble is first 
evident as a very s1.d.l point cf 11g.h.r. appearins i n  the vertical ~ i e w  
mirror. 
panding and c o n t r a c t i q  mode and also i n  a hcrizontal  mde. 
bubbles grow i n  a padm1 x!anner w i t h  the bubble contracting less t i - s n  it 
bad expanded. 
s a e  of the buboles w i l l  separate f'ron t b z  suzface and be cacleiisel:, Sirf- 
f i c i en t  data i s  n i t  yet airaildole t c  at'ie,a"- .-Au an analysis cf t h i 3  ljhemslena 
i n  a quart i ta t ive sense. 

The bubble osc i l la tes  a t  a very high frequency i n  both an ex- 
idany i;f these 

Pfier a nuijljer uf osci l la t iLcs and t h e  r e s u l t h i  growth, 

(2) Contlnudus g o w t h  and deca j -  bubbles - -Liiis 'ijpe of bubble does no t  
exhibit  t i e  osclUazinJ in-tiun p r e v i i u v b  Gexrlbed. !Vile bubble, wher! 
first evident on the f i L ,  has achieve& 1/5 t c  1/3 cf i t s  f i n a l  dimeter. 
The bubbles con-&iues t c  g c - w  a t  a di.dnishin, r a t e  until it reaches a 
mimu diaoleter ir  The plan view and t2;en bedins t o  czndense a t  a mch 
slcwer ra te .  So% of t h i s  i q p e  c f  bu5bles s e - w a t e  from the  surface after 
experiencing a neckiq-dcwn pkcess which ~ c c u r s  a considerable tine after 
the maximum plan Vi-ew diameter is reached. 

(3)  h&ltiple bubble g c u p s  - t h i s  type of bubble goups  contain bcth the  
cscil latin;:  and the continucus growth t m s  but a2pear t o  nucleate i n  
s c u p s  cf two or mre s i : d t a i e G u s ~ .  The iieatlng surface w i l l  o n e n  lie 
void fo r  considerable perids LJfetiw wiuhcut nucleatlng a s ingle  bubble 
and then two cr more bubbles wlll a2yea.r similtaneously and immediately 
begin t o  a t t r a c t  each other. 
face quite vlclent ly  an3 experience cLnsicierable d is tor t ion  during the 
condcnsiq procesi. Due to the extreuely irregular surface and uncon- 
ventional action cf the bubbles, the evidence af  t h i s  type of  bubble groups 
has not been suff ic ient  t o  allow a quantitative apprclach t o  the  processes 
involved. 

Upon conhlnini;, they separate *om the sur- 
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A quantitative ana&-sis has been a t teqted on the  continuous growth and 
decay type tubble. 
can be analyzea as a sphere w i t h  a man LlaYleter equivalent ti: the  average 
of  the three axes. These three distances ere ;leaswed f rmthe  fila 
records after mgnifyine t h e  i q e  apprGximteljr s i ~ % y  tims. 
dianreter i s  then plotted as a function of tiix. dr curye 
curve is  then 
acceleration 

Flgure 1 is E proposed radius-time curve f o r  t h i s  type cf cuntifiuous 
growth and decay type bubble. 
00 shown on the figure. b-Q a smll pcrt icn of the t o t a l  curve can 
be witnessed i n  the  phctogaphic recerds due t~ the  lirnitations Gf the  
camera frcuning rates and the  tendency ci' the bubble t o  d i s to r t  an6 move 
out of focus af-iei- detachment. 

This apprach is  i>ased upa assuing that -the bubble 

This ~lt?an 
This d i a i t e r  versus time 

erentlated twice t o  give the velocity (a) curye and the 

The velocity and acceleration curves are 

Region (1) is  the initial growth perLGd ccntairicd w i t h i n  t h e  nucleatin;: 
site. 
required t o  coqdete  tiiis stage i s  u r h o m  but should n c t  be wei- a few 

In t h i s  staze ~f growth the bubble Ls r,ct -risible anit the tllile 

r n ~ n ~ ~ S e C ~ n A ~  5:: &4a-+fL yA. 

Region (2) is the in i - t i a l  expansion stage of qcwth  and is  very dynar;lic i n  
naturq. The elapsed ti:* f o r  t h i s  regicn is less than 130 uicroseconds, 
one c.am!ra *am, and the  mean diameter of the bubble has obtained 1/5 t o  
1/3 of it8 f inal  r ; u z x i r m  value a t  the  end of t h i s  period. The bubble is 
not vis ibly witneaae2 u n t i l  it has entered Region (3)  -ked by the l i n e  
0-0' 
cycle. 
t h i s  rnanner and all exhibit the same general curve shape and meqpLtudes. 

This region ie the  final expus ion  and decay portion of the bubble 
Approximtew twenty bubblea have been analyzed and plotted i n  

Thc mgnitude of zhe velocity curve upcn enterinp Region (3) has decayed 
t o  50-400 cdsecond f o r  the c jc les  stuiiied. 
decayed t o  a deceleraticn of  200,000-2,000,000 ca/sec2 fur these saxe 
cycles. A l l  of the  bubble cycles otudLed so far indicate that both of 
these curves have passed their i n f l e c t i c n  pcints pr ior  'co entering the 
visible region. 
forces ?resent i n  region ( 2 )  m a s t  be several orcers cf mgnitucie greater 
than the  cnes witnessed i n  Region (3) .  

!be a c c e k r a t i a  curve has 

If t h i s  deducticn i s  val id ,  T;he m n e n t u  and i n e r t i a  

, PYgure 2 is  a plo t  of nraximunman dia:mter versus degree of  subcooling. 
This figure indicates t i t  there seem zo be some re la t ion  between sub- 
cooling and m i m m  mean diameter, an6 a l s ~  between heat flux and mxim 
man diaaeter. Hmever, it should be s a i d  that bubbles of a l l  shapes and 
s izes  exist for every subcooling and heat flux and if  a t rue  relatim of 
these variables exists it w i l l  have t o  be de2ined i n  a statiscical average 
based on a large n u h e r  of bubbles a t  every value of heat flux and sub- 
cooling. The bubbles studied and plc,Lted in  Figure 2 were picked en t i r e ly  
at  randon and no atterApt was directed towards s i ze  dis t r ibut ion.  
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Due to the  li;5tel 
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l j 3  (2) Bubbles do not separate a t  b., i.e., (" a ' i, ) o r  (a a b )  
3 J 

but only  when b 5 a. 

If the heat t ransfer  cut Lf tile bubble ic terface i s  equal t c  
cr greater t i a n  the heat t ransfer  u tc  the 'uuDble f r a  the 
surface and superheat leyer, tix kutble will n o t  ;epa-ate. 
It w i l l  becum stagnant, beein tu cLcdei,se, "r becox  an 
o s c i l h t o r  type bubble. 

(3 )  

Taking these findings intc accowt, it sse:.s reascnable t L  a s s u e  thau 
arq analyt ical  approech LO the  bubble .sc-AaiiLcs us:;:; a s,Jnerlcal A-ei 
lncorporates inherent incoiis stercies w..icL car.nL t be QCC ,ur.tcu f. r . F a  
t h i s  reascn it i s  necessxq- ic -perfir.- a .,isre r L t 7 L r - u  ariia~rs-s c , f  ercii 
bubble on a volu3e and shape basis. 
prGpcsed as a :,sans L f  accol;rpllsh:nj i;itLs ara1;s- s: 

L e  f s i L w l n ;  f - r c e  ega-Libn3 a re  

13cujar.t Farces 

The g r c w l ~  buvole t.s,a'bli3iit-s a f l o v  i'ield i n  tile swrcmding liquid. 
This f l o w  fLeld is cil'eccec in all Girectidns avay friim the LeatLn,: sui'ace 
during the growth phase of tke bubble. Hcwevei-, tile bu'oble i s  basicall;: 



7.J- = Ub 



demanding, it should prGduce data which nore  aaarly fits the actual 
proceas. 

Analy t i ca l  Procec?ures 

Since both the viscous and surface tenslon fcrces are directed tvamrds tbe 
heating surface and :end t o  retard or prevent separation, they can be 
neglectad f r o m t h i s  stuQ cf separation causiw forces. 

The &ou& h&er is a dixiensionless r a t i o  expressing the re la t icash ip  
of the Fne r t id , fo rces  to the  bcuyant forces ( i .e .  gravllty i n  thie Case). 
Ueing a modified form of t h l s  wcpreesim t o  compare these f l c w  fields 
-yields: 

or reduced to :  

Frcm t h i s  expression it'can be seen that as zerb-gravity i s  a?prciached, 
the f a c h r  becorns inf'icitely large. Huwever, LL ef fec t  separation, 
the inertia forces :u-" s i i l l  exceed -;he surface temLor, and vfscous 
forces tending to hcld the bubble to the surface. 

10 I 
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Eeat Transfer Data 

. 

Prrutary eqhasis Pias been placed on the bubble & T X X ~ ~ C  aspect of the 
Frcgram during this i c i t i a l  aeries of test rillls. 
wount of heat transfer ata has been reccrded and analyzed a t  tie t w o  
heat fluxes covered by thLs report .  
versus bulk l iqu id  tekperatures. 
which tine test  ser ies  Das covered the ranges L f  subcoc;ling. 

Hcrwever, a s ignif icant  

Rave 3 i s  a p l o t  of heat flux 
This figure i- l lustrates the extent t o  

Figure 4 is a p lo t  of the cveral l  heat t ransfer  coefficient (UT) versus 
the  degree of subcoolin3. 
cLefficient Irlcreasin; with a decrease i n  sut;cocl:w f o r  a corstant 
heat flux. 
region. However, 5.b is also  evident that cdnaiuerable aata s c a t t e r i w  
i s  being GbtaixeC!. 
20 surface t e - p z - a t w c  iib”alned a t  a cdnstanz Lieat flu: and su‘lcodira. 
It has nct  been Geter:.,iced whether this vnrlat icn i s  caused by %he nu- 
cleat ing prcicess Lr is due t o  ir.strudrit.ot’ n Cefects. ,“;revher e,cfc;r-Ls 
will be =de to LeterAne tile cause cf ta;s discrepiney i n  future t e s ;  
runs. 

The d a t a  ir.dlcates a General  trend of tine 

TiLs trenu is  w h a t  would Le expecteci i n  tne r-ucleate bci l ing 

TLis -Lm,nsistencjr iz a result c f  wide v a r l a t i G n s  
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III. PRopoGEDEvpuREmocwE69 

Further e x p r i a e n t a l  studies W i l l  be cGnducttd i n  several other heat f lux  
ranges wd w5th a wider range a f  subccLlix a t  each flu. 
of these runs w i l l  be concluc’ced. a t  heat fluxes i n  excess of 100,OOO ETU/ER-& 
due t o  tho diffi u l ty  of main+&ining cms l s t en t  boil ing at fluxes less than 

The majority 

50,oOoBTu/EIR- & 
As a result of the  experiaer3ial f i n d i x g  described ea r l i e r  i n  t h i s  report ,  
it has been decided that the camam systen should be modified t o  a l l o w  
ver t i ca l  prof i les  of the bubble t o  be recorded. 
by placing the  ctmzra rtn a horizontal position and f i h i r g  the bubble 
alprinet a contrasting background. ‘Illis posit ion w i l l  produce the vertical 
p ro f i l e  of the  bubble d i rec t ly  and as a result c f  the placeaent the bubbie 
will ramin i n  t he  focusir! plane of the c w a  during L t s  en t i r e  cycle. 
The plan view diamter w i l l  be neasured fYom the vertical prrjfile and a s  
mentioned earlier, t n i s  plan view has consistently been c i rcu lar  i n  sha_ne. 

This can be acccmplished 

Since the ine r t i a  on6 nowntun forces invcl\red i n  t i e  growth phase of  the 
bubble are p r i m r i u  deirelcped i n  the  first 130 ~ c r c s e c o c d s  or less of 
t he  bubble l i fe ,  It. wc1.Grt see3 e&yisch,lz tc iz&e atteiiipt to deZine ine 
magnitude of these fcrces. ”his can cnly  be accoxplLehed by e~ploy5-w a 
camera with suf‘ficien; ;I”raning rate t o  record th5s earb- radius VS. ti.= 
relaticnship. 
frames per second woulu be required t o  give suf f ic iez t  data i n  t i i s  area. 
However ,  this r e q u i r m n t  is well beyond the capabi l i t i es  of the systaxn 
being mea, although the  use of any camera givfng franing rates abcve 
8,000 frames p r  second would be helpful. 

It is es t i imted tha t  8 f r d n g  rate c/f a t  least 100,OOO 

c 
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